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Landslide hazard evaluationAbstract The present study area is located in Meta Robi District of West Showa Zone in Oromiya
Regional State in Ethiopia. The main objective of the present study was to evaluate landslide hazard
zonation (LHZ) by utilizing ‘Grid overlay’ and ‘GIS modeling’ approaches. Also, it was attempted
to know the effectiveness of the two methods. The methodology followed was based on the analysis
of past landslides in the area. For the present study six causative factors namely; slope material,
slope, aspect, elevation, land use and land cover and groundwater surface traces were considered.
Later, Landslide Susceptibility Index (LSI) was computed based on the relative influence of causa-
tive factors on past landslides. For the ‘Grid overlay’ method a grid with cells 10 m by 10 m was
overlaid over the study area and later it was geo-processed to delineate various sub-classes of each
causative factor. LSI values were assigned to each sub-causative factor within each grid cell and a
‘Total Landslide Susceptibility Index’ was calculated to produce the LHZ map. For ‘GIS modeling’
the same causative factors and similar LSI values were utilized. In the case of LHZ map prepared by
the ‘Grid overlay’ method about 82% of past landslides fall within ‘very high hazard’ or ‘high haz-
ard’ zones whereas in the case of ‘GIS modeling’ about 95% of past landslides fall within ‘very high
hazard’ or ‘high hazard’ zones. Finally, the validation showed that ‘GIS modeling’ produced better
LHZ map. Also, ‘Grid overlay’ method is more tedious and time consuming as compared to GIS
modeling.
 2015 Authority for Remote Sensing and Space Sciences. Production and hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).egassa),
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The most devastating natural hazard in mountainous terrain
are landslides that has accounted for heavy loss and injury
to human life and damaged property and infrastructure in mil-
lions of dollars throughout the world (Raghuvanshi et al.,
2014; Pan et al., 2008; Kanungo et al., 2006; Crozier and
Glade, 2005; Dai et al., 2002; Parise and Jibson, 2000;
Varnes,1996). Landslide is a complex process which is resulted
because of intrinsic parameters and the external parameters
which triggers the process of landslide. The intrinsic parame-
ters which govern the stability condition of the slope are; geo-
logical factors (lithology or soil type, structural discontinuity
characteristics, shear strength of the material, groundwater
condition and its effect), geometry of slope (slope inclination,
aspect, elevation and curvature) and land use and land cover
(Raghuvanshi et al., 2014; Wang and Niu, 2009; Ayalew
et al., 2004; Anbalagan, 1992; Hoek and Bray, 1981). The
major natural parameters which, trigger the instability in
slopes are mainly seismicity (Bommer et al., 2002; Keefer,
2000; Parise and Jibson, 2000) rainfall (Dahal et al., 2006;
Dai and Lee, 2001; Collison et al., 2000) and manmade activ-
ities (Raghuvanshi et al., 2014; Wang and Niu, 2009).
Over the past several years, for landslide hazard evaluation,
prediction and zonation several researchers have proposed a
number of approaches. Some of these approaches are based
on field judgment and the experience of an evaluator, com-
monly placed under the category of expert evaluation
approaches. Some of these approaches are as proposed by
Raghuvanshi et al. (2014), Guzzetti et al. (1999), Turrini and
Visintainer (1998), Sarkar et al. (1995), Anbalagan (1992),
Pachauri and Pant (1992), etc. The second type of approach
used for landslide hazard evaluation is the statistical approach.
In these approaches attempts are made to evaluate spatial
landslide instability based on the relationship in between the
active landslide activities and the instability causative parame-
ters (Carrara et al., 1992). In these approaches the general rules
are developed statistically with the relative contribution of
instability parameters on active landslide occurrence
(Westen, 1994). The landslide hazard can be deduced by apply-
ing weights, deduced statically to be applied to each factor sub-
class (Dai and Lee, 2001). The third type of approach which
provides the quantitative results for landslide hazard is the
deterministic approach. This technique provide hazard in
absolute values in the form of safety factors, or the probability.
The deterministic methods are too detailed and can only be
applied to individual slopes (Fall et al., 2006). These tech-
niques require detailed slope geometry, geological and
geotechnical data sets. Each of these approaches has its own
advantages and disadvantages over others (Raghuvanshi
et al., 2014; Fall et al., 2006; Kanungo et al., 2006; Casagli
et al., 2004; Guzzetti et al., 1999; Leroi, 1997). Each of these
methods has some degree of uncertainty owing to parameters
considered or methods by which parameter data are acquired
(Carrara et al., 1995).
Most of the techniques used for landslide hazard evaluation
and zonation require a large volume of data on various causa-
tive factors. The type and extent of data required for causative
factors may depend on the scale of the study and the technique
followed for hazard evaluation. For analysis purpose a large
volume of data can conveniently be acquired, stored andanalyzed in digital form using the Geographical Information
System (GIS) (Lan et al., 2004; Carrara et al., 1995). Several
GIS-based analysis techniques for landslide hazard zonation
have been proposed since the advancement of GIS technology
(Peng et al., 2012; Kanungo et al., 2006; Ayalew and
Yamagishi, 2004; Sarkar and Kanungo, 2004; Lee and Min,
2001; Carrara et al., 1995, etc.
The highlands of Ethiopia witness a number of landslides
and related slope instability problems during every rainy sea-
son. In the past, several published or unpublished studies fol-
lowing analytical, qualitative or empirical approaches have
been carried out in different parts of the Ethiopian Highlands
(Ayele et al., 2014; Raghuvanshi et al., 2014; Ayenew and
Barbieri, 2005; Ayalew and Yamagishi, 2004; Ayalew, 1999,
etc. The present study area is located in highlands under Meta
Robi District in the West Showa Zone in Central Ethiopia.
Several landslides have occurred in the last few years in the
present study area. People have been permanently displaced
from their residences, as they lost their houses and farm plots.
However, no published or unpublished study on landslides has
been reported from the area prior to the present study. There-
fore, seeing the severity of landslide related problems in the
area the present research study was conducted.
The main objective of the present study was to prepare the
landslide hazard zonation (LHZ) map of the study area. For
LHZ map preparation ‘Grid overlay’ and GIS modeling
approaches were followed. Later, effectiveness of the two
methods in LHZ evaluation was assessed.
2. Overview of the study area
2.1. Location
The study area is located in Oromiya Regional State in West
Showa Zone in the western part of the Meta Robi District in
Central Ethiopia (Fig. 1). The total study area is about
74.59 sq km and is bounded by UTM co-ordinates 1049832–
1039403N and 405497E–415847E. The study area is about
96 km from Addis Ababa on the way to Muger Cement
Factory via Holeta Town.
2.2. Rainfall and physiography
The study area as per the National Atlas of Ethiopia falls in
‘‘Temperate” to ‘‘sub-tropical” climatic zone. In general, based
on the annual rainfall distribution patterns, the study area
experiences a nearly bimodal rainfall distribution. These are
from February to May and from June to September. The long
term rainfall data for the present study area were procured
from the Inchini meteorological station which is located
roughly about 20 km, south-east of the present study area
and is defined by UTM co-ordinates 431825E; 1029283N.
Based on the long term precipitation data, collected from the
Inchini station for the years 1998–2008, the maximum mean
annual precipitation was recorded for the year 2007, which
was 1543 mm and the highest monthly precipitation recorded
was 368.7 in July during the same year. Therefore, it may be
considered that in general, the present study area receives rel-
atively high mean annual rainfall.
The study area has highly rugged topography and can be
characterized as steep terrain. The elevation ranges from
Figure 1 The study area.
GIS based Grid overlay method versus modeling approach 2371382 m to 2741 m. The Robi River is the main river in the
study area which is one of the tributaries of the Muger River.
In general, the area has dendritic drainage pattern.
2.3. Geology
In the present study area thick Mesozoic sedimentary rocks
succession is overlaid by thick tertiary volcanic plateau basalt.
The Mesozoic sedimentary rocks represent the Adigrat, Antalo
and Gohatsion Formations (Fig. 2). The Adigrat Formation
includes the whole succession of clastic rocks resting
un-conformably on the Precambrian basement and overlain
un-conformably by the Antalo Formation (Dow et al., 1971;
Garland, 1980). In the study area sandstone belonging to
Adigrat Formation is mainly exposed in the central portion
extending toward the north-eastern parts of the study area.
The Antalo Formation consists predominantly of fossiliferous
yellow limestone containing thin beds of marl and calcareous
shale, and occasionally arenaceous bands are also present.
The majority of the study area in north-eastern and south-
western portion is occupied by limestone belonging to Antalo
Formation. In the study area the gypsum intercalated with
thinly bedded shale belonging to Gohastion Formation is pre-
sent. It overlies conformably with the lower sandstone. The
rocks belonging to this formation are mainly present in the
central and north-western portion of the study area. The ter-
tiary Aiba basalts are highly fractured and jointed volcanic
rocks (Assefa, 1991) which occupy mostly the north-eastern
portion in the study area. The quaternary sediments in the pre-
sent study area can be classified into alluvial and colluvial
deposits. Quaternary alluvium is deposited mainly along
stream channels, terraces and on flat plains. The alluvialsediments vary in size from sand, pebble and cobble to
boulders. However, cobble to boulder size is dominant in the
area.
3. Methodology
The general methodology for the present study is based on the
assumption that ‘‘past is the key for future”. Thus, it is
believed that the conditions that have resulted in the occur-
rence of past landslides if prevailed again in future in other
areas may possibly result in new landslides in the area (Dai
and Lee, 2001). Such conditions are generally defined as; rock
and soil types, slope angles and land use etc (Lan et al., 2004).
For the present study six prominent causative factors were
considered for the evaluation of LHZ. These causative factors
are; (i) slope material, (ii) aspect, (iii) slope, (iv) elevation, (v)
land use/land cover and (vi) groundwater surface traces
(Anbalagan, 1992; Ayalew et al., 2004; Raghuvanshi et al.,
2014). It is further presumed that the combination of these fac-
tors might have resulted into triggering of past landslides in the
present study area. The above mentioned causative factors
were mainly considered based on their relative contribution
in inducing instability to the slopes.
Slope material may be composed of rock mass or soils or
both. In the case of rocks, rock type and its intact rock
strength governs the potential for its general instability. The
erodibility of rock is highly influenced by the strength of the
rock (Raghuvanshi et al., 2014). Similarly, the soil type may
also define its potential for its relative instability. The colluvial
soils relatively possess weak shear strength as it may contain
loose aggregates of fragmented rock of varied dimensions in
a matrix of sandy silty clay soils. In contrast residual soils
Figure 2 Geology of the study area.
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strength.
Slope gradient is important with regard to landslide initia-
tion. The main driving force for slope instability is the gravita-
tional pull which is directly proportional to the slope gradient.
Thus, in general steeper slopes are more susceptible for insta-
bility as compared to gentler slopes.
Slope aspect strongly affects hydrologic processes via
evapo-transpiration and thus affects weathering processes
and vegetation and root development (Sidle and Ochiai, 2006).
The strong statistical relationships between elevation and
landslide occurrence have been cited in many studies (Dai
and Lee, 2002; Lineback et al., 2001; Pachauri and Pant,
1992). In general, altitude or elevation is usually associated
with landslides by virtue of other factors such as slope gradi-
ent, lithology, weathering, precipitation, ground motion, soil
thickness and land use.
The type of groundcover affects the stability of a slope: as
the areas that are barren are more prone to erosion and weath-
ering (Turrini and Visintainer, 1998). Barren and sparsely veg-
etated lands are more prone to soil erosion and slope failures
(Wang and Niu, 2009).
Groundwater plays an important role in slope stability con-
dition (Hoek and Bray, 1981). Slope stability study for hazard
mapping over relatively large areas makes it difficult to have
direct observations of groundwater behavior within slopes.
Moreover, information on water table levels and fluctuations
is rarely available. For a quick appraisal, indirect measures
can be used to assess the role of groundwater (Anbalagan,1992). For the present study groundwater surface traces
(springs) and the elevation were considered to delineate the
hydro-geological homogeneous zones.
Pre-field work includes data collection on topographical
maps, satellite images, meteorological data and DEM data.
Besides, a thorough literature review was made to know in
detail about landslides types, factors responsible for landslides
and various approaches available for landslide hazard evalua-
tion. Thus, a complete conceptual framework was developed
and a feasible methodology for the present study were worked
out.
Field investigation and data collection were mainly under-
taken to have all pertinent information about the past land-
slide activities and to verify various factor maps prepared
during pre-field works. For past landslide activities a thorough
inventory was made, where data pertaining to locations (GPS
readings along the periphery of each past landslide was
recorded) of landslide, possible failure mechanism by which
the landslide has occurred, type of slope material involved,
general slope morphology, presence of ground water traces,
possible triggering factors responsible for failure and field
manifestations before failure, were collected. The data and
information on all these aspects were collected through hand
held GPS, visual observations and through personal interviews
with the local respondents.
The data and information collected from the field work
were first processed and later it was used for the systematic
GIS analysis. For this inventory map was prepared from the
GPS location point data which were converted to polygon data
by digitizing from Google-Earth image. Besides, various factor
maps were reclassified to be used for later analysis. All factor
maps and inventory map were brought to GIS environment so
that further processing can be done. In order to evaluate the
relative contribution of a sub-class of each causative factor
on past landslides, Landslide Susceptibility Index (LSI) was
calculated (Sarkar et al., 1995). Later, landslide hazard zona-
tion evaluation was made.
In the present study two approaches were followed for
landslide susceptibility evaluation. The first approach followed
was the Grid overlay method (Carrara et al., 1995) and second
approach was the GIS modeling which utilizes Model builder
tool in ArcGIS. For overlay analysis a polygon grid
(10  10 m) was overlaid over each prepared causative factor
map and geo processing was done to know the presence or
absence of each causative factor sub-class within each polygon
grid cell.
Later, LSI ratings were assigned to each causative factor
sub-class, falling within each polygon grid cell. Finally, within
each grid cell all LSIs were summed up to get a ‘Total
Landslide susceptibility Index’ (TLSI) which was further uti-
lized to provide the LHZ class. In GIS modeling, LSI ratings
deduced from past landslide activities and relative contribution
of each causative factor were assigned and by using the
weighted sum tool the final LHZ map was produced.
The LHZ maps produced by two methods were validated
with past landslides recorded in the area. Further, an attempt
was also made to correlate the LHZ maps produced by the
‘Grid overlay’ method and the ‘GIS modeling’ approach.
Thus, a comparative analysis has been made to assess the suit-
ability of the two approaches.
Figure 3 Landslide inventory map.
Table 1 Causative factors and their respective data sources.
Causative factors Source
Slope material Geological map (NC-37-10) with a scale of
1:250,000 and soil map from FAO, 1997 with
suitable modifications made in field with
visual observations
Slope DEM Data of 30 m resolution ASTER
elevation data setAspect
Elevation
Land use/land
cover
Land sat + ETM Satellite image and field
observations
Ground water
surface traces
GPS location recorded for springs during
Field investigation
GIS based Grid overlay method versus modeling approach 2394. Landslide inventory
The Landslide hazard estimation must begin with a clear
understanding on what has happened in the past in the area.
This is to know what type of landslides have occurred and with
what mechanism these were triggered. There needs to be a clear
understanding on the possible causative and triggering factors
that might have possibly resulted into landslides. The condi-
tion that has led to the past landslides in an area provides use-
ful information for possible locations for future landslides
(Lan et al., 2004; Dai et al., 2002).
During the field investigation a thorough inventory was
made for the past landslide activities. As a part of this, inven-
tory data pertaining to the location, dimension, type of failure,
material involved in the landslides were collected. The field
investigations pertaining to landslide inventory data collection
were post landslide activities. All existing landslides in the
study area were identified through traverse mapping and nec-
essary observations were made during the field investigations.
As such no systematic historical records on these landslides are
maintained by the local administration. However, through pre-
defined questionnaires local respondents were interviewed for
the landslide occurrence period, possible triggering factors
and any instability manifestations prior to such events; such
as tension cracks, distress in slope mass etc.
In the present study area 23 past landslides were recog-
nized. These were classified into four types of prominent fail-
ure modes; fall, translational, rotational and complex mode
of failures. Rotational slides were observed at 14 locations
and mostly these failure modes were observed in colluvial
and alluvial soils, which formed mostly gentle slopes, though
at few places they were present in relatively flat slopes. Transi-
tional mode of failure was observed at 5 locations and at all
such locations the material involved in failure was colluvial.
At 3 locations the slopes failed with complex mode and mate-
rial involved was highly disintegrated weathered limestone and
alluvium. Only at one location ‘fall’ mode of failure was
observed in steep slope formed by limestone.
5. Data preparation and computation
The inventory data on past landslides in the form of GPS loca-
tions, observed along the periphery of landslides were pro-
cessed. Later, with the help of Google image polygon data
were created for past landslides. Later, this vector map was
converted to raster by using vector to raster conversion tool
in ArcGIS for further computations. The landslide inventory
map is presented in Fig. 3.
The stability of a slope is mainly governed by the causative
intrinsic parameters (Raghuvanshi et al., 2014; Wang and Niu,
2009; Ayalew et al., 2004; Anbalagan, 1992). The causative
factors considered for the present study are; slope material,
slope, aspect, elevation, land use and land cover and ground-
water surface traces. The various sources used to prepare spa-
tial data sets for these causative factors are presented in
Table 1.
The lithological rock map of the present study area was pre-
pared from the Geological map (NC-37-10) prepared by the
Geological Survey of Ethiopia’ (GSE) at a scale of 1:250,000.
The soil map of the study area was adopted from the report
of Food and Agriculture Organization of the United Nations(FAO, 1997) and was modified during the present field investi-
gation. For the present study the lithological rock map and the
soil material were mapped together and is named as ‘slope
material’ map (Fig. 4a).
The factors; slope, aspect and elevation were deduced from
digital elevation model (DEM) at a resolution of 30 m which
was obtained from the ASTER elevation data set. For this pur-
pose, a suitable operation was applied in arcMap-GIS with the
help of interpolation tools using spline to obtain a smoothened
output. Later, slope, aspect and elevation were reclassified into
the desired classes (Table 2; Fig. 4b–d).
Figure 4 Causative factor maps; (a) slope material, (b) slope, (c) aspect, (d) elevation, (e) land use/land cover and (f) groundwater
surface traces.
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Table 2 Causative factor sub-classes and corresponding ‘Landslide Susceptibility Index’ (LSI).
Causative factor
class
Sub-class Pixel count of sub
class in total area
Pixel count of sub-
class within landslide
area
Landslide %
within sub
class
Number of
landslide
occurred (%)
Landslide
Susceptibility
Index (LSI)
Slope material Antalo limestone 20354 8 0.04 1.5 0.004
Adigrat sandstone 1032 0 0.00 0 0.00
Aiba basalt 2897 0 0.00 0 0.00
Gohatsion Fm.
(Gypsum with
shale)
11236 0 0.00 0 0.00
Quaternary
sediments
310 0 0.00 0 0.00
Residual soils 4660 0 0.00 0 0.00
Colluvial soils 20617 456 2.20 83.3 0.22
Alluvial soils 19374 77 0.40 15.2 0.04
Slope (deg.) 0–5 7521 4 0.05 4 0.01
5–12 29006 144 0.50 37 0.10
12–30 39889 127 0.30 22 0.06
30–45 3776 18 0.50 37 0.10
>45 288 0 0.00 0 0.00
Aspect Flat 18 0 0.00 0 0.00
North 8693 11 0.10 4 0.01
Northeast 17890 45 0.30 12 0.03
East 5073 8 0.20 8 0.02
Southeast 1327 0 0.00 0 0.00
South 7270 50 0.70 28 0.07
Southwest 22759 130 0.60 24 0.06
West 9824 15 0.20 8 0.02
Northwest 3684 5 0.10 4 0.01
North 3942 11 0.30 12 0.03
Elevation (m) 1382–1632 14433 0 0.00 0 0.00
1632–1882 24906 74 0.005 35 0.001
1882–2132 19641 16 0.0008 6 0.00016
2132–2382 10123 76 0.0075 52 0.0015
2382–2632 10705 12 0.001 7 0.0002
2632–2741 672 0 0.00 0 0.00
Land use/land
cover
Bush land 12337 34 0.27 22 0.081
Cultivated land 28421 118 0.40 32 0.12
Grazing land 30490 104 0.30 24 0.09
Bare land 9232 25 0.27 22 0.081
Ground-water
surface trace
zones
1382–1990 m 6458 76 1.20 70 0.12
1991–2332 m 25732 81 0.30 18 0.03
2333–2714 m 11684 17 0.20 12 0.02
GIS based Grid overlay method versus modeling approach 241In the present study the interpretation and classification for
land use and land cover were carried out through false color
composite of Landsat ETM+ for the year 2010 and a combi-
nation of bands 5, 3 and 2 of red, blue and green, respectively
were used. Further, the training pixels were controlled with
Google Earth image. The prepared map was verified in the
field by taking Garmin GPS points. For this using ERDAS
Imagine software, 26 points (GPSs) were selected from each
classified group to be checked in the field. Later, some more
points were selected in the field, particularly at those locations
where past landslides have occurred, and were later cross
checked with the image. Supervised classification was done in
ERDAS Imagine and land use and land cover map of the area
were prepared in Arcmap (Fig. 4e; Table 2).Slope stability studies for hazard mapping over relatively
large areas make it difficult to have direct observations of
groundwater behavior within slopes. Moreover, information
on water table levels and fluctuations is rarely available. For
a quick appraisal, indirect measures can be used to assess the
role of groundwater in inducing instability to a slope. These
indirect measures are the surface indications of groundwater
such as; damp, wet, dripping and flowing (Anbalagan, 1992).
For the present study ‘groundwater surface trace’ information
in the form of springs was gathered in the study area.
For the ‘groundwater surface trace factor map’ information
gathered for springs, present in the study area, was utilized.
Based on the location of springs in the study area; three hydro-
logical homogeneous zones were recognized. These were; Zone
Table 3 Landslide Susceptibility Value (LSV) assigned for the
different causative factors.
S. No Causative factors LSV value
1 Slope material 10
2 Slope 20
3 Aspect 10
4 Elevation 20
5 Land use/land cover 30
6 Ground water surface traces 10
242 T.K. Raghuvanshi et al.1 (elevation 1382–1990 m), Zone 2 (elevation 1991–2332 m)
and Zone 3 (elevation 2333–2714 m) (Fig. 4f; Table 2).
For further raster computations all vector maps were con-
verted to raster by using vector to raster conversion tool in
ArcGIS. Later, total pixel count was deduced for each sub-
class within past landslide area and within the total study area
for all causative factor data sets (Table 2).
5.1. Landslide Susceptibility Index (LSI) computation
As already mentioned, that the general assumption made for
the present study was that ‘the past is the key for future’. This
implies that the combination of factors which were responsible
for past landslide activities may again contribute for landslide
activity whenever they will have similar combination in other
regions in the present study area (Dai et al., 2002). Therefore,
in order to evaluate the relative contribution of a sub-class of
each causative factor on past landslide, Landslide Susceptibil-
ity Index (LSI) was calculated. The LSI was devised and pro-
posed by Sarkar et al. (1995) and can be expressed as given by
Eq. (1).
LSI ¼ Landslides % per km
2
100
 LSV ð1Þ
where; ‘LSI’ is the ‘‘Landslide Susceptibility Index” and ‘LSV’
is the ‘‘Landslide susceptibility value” which can be assigned to
each of the factors, based on the relative importance of that
factor in controlling the stability condition of the slope in
the given area.
According to Sarkar et al. (1995) landslide % per km2 indi-
cates percent of landslide activities per km2. Thus, they have
considered the number of activities which may not account
for area coverage of individual landslide activities. For the pre-
sent study a suitable modification was made for the LSI com-
putation. In the present case LSI is computed by considering
the landslide percentage which represents the ratio between
‘‘total pixel counts of a sub-class within a Landslide” to the
‘‘total pixel count of that sub-class in the area of study”. The
LSI values were calculated for each sub-class of all six causa-
tive factors. For this the Raster calculator tool of ArcGIS
was used. Table 2 represents the computed LSI values for each
sub-class of all causative factors.
Another parameter which is required for the computation
of LSI is Landslide Susceptibility Value (LSV) which can be
assigned to each of the factors, based on the relative impor-
tance of that factor in inducing instability to the slope in the
given area. The distribution of LSV values to respective causa-
tive factor class is on a scale of 100 and is assigned based on
the relative contribution in inducing instability to the slope.
It is not possible to workout relative contribution of each cau-
sative factor in quantitative terms as each causative factor may
contribute differently from slope to slope. However, based on
terrain evaluation and information from past landslide activi-
ties the LSV values for causative factors may be estimated.
Table 3 presents the LSV values assigned to respective causa-
tive factor class.
In the present study initially all six parameters were
assigned with a LSV value of 10 each and later based on their
possible contribution for instability additional values were
added to give order of importance to those significant factors.
Thus, it may be noted from the Table 3 that the LSV value forland use and land cover is given a maximum value of 30. It
implies that land use and land cover is the most prominent
causative factor as compared to other factors. This was real-
ized as past landslides occurred in all land use and land cover
classes irrespective of dominance for any particular class. The
landslide inventory data show that 32% of past landslide
occurred in cultivated land, 22% each in bush land and barn
land and 24% in grazing land. Thus, it implies that land use
and land cover have better control in inducing instability to
slopes. Similarly, in the case of slope the concentration of past
landslides (96%) is in three classes (5–12 (37%), 12–30
(22%) and 30–45 (37%)), even in extreme gentle class (0–
5) 4% of landslides were observed. Thus, slope was assigned
with the second highest LSV value of 20. Also, in case of ele-
vation it was realized from the past landslide data that 59%
landslides occurred in classes 2632–2382 m and 2382–2132 m
and 41% occurred in classes 2132–1882 m and 1882–1632 m,
respectively. In this case also it may be realized that landslides
are not concentrated to some specific elevation class. Almost in
every elevation class landslides were recognized, except for the
two extreme classes. Again it implies that elevation is a signif-
icant causative factor and thus was given a LSV value of 20.
If compared, the other causative factors such as slope mate-
rial, aspect and groundwater surface trace concentration of
past landslides are realized in specific sub-classes. Say, for
example in the case of slope material past landslides are con-
centrated within colluvial (83.3%) and alluvial soils (15.2%)
only. Thus, the contribution of slope material as a causative
factor may not be significant for the entire study area but it
may be significant to those areas where colluvial or alluvial
soils are present. Therefore, a nominal LSV value of 10 was
assigned to slope material. Similarly, for the same reason nom-
inal LSV values were assigned to aspect and groundwater sur-
face trace. Further, it is worth mentioning that the landslide
susceptibility of the area does not entirely depend on the
LSV value only but it will mainly depend on the Landslide per-
centage which represents the ratio between ‘‘total pixel counts
of a sub-class within a Landslide” to the ‘‘total pixel count of
that sub-class in the area of study.
5.2. Causative factor influence on past landslides
In the following paragraphs an attempt is made to assess the
relative influence of causative factors with past landslide distri-
bution in the study area.
5.2.1. Slope material
The main rock types which are present in the study area are;
Adigrat sandstone, Antalo limestone, Aiba basalts and
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Formation. In the present study area Aiba basalts are exposed
in the upper most parts of the area and shows typical columnar
jointing. Much of the north-central and south-western part of
the study area is covered by Antalo limestone. The central and
north-western parts are covered by gypsum and shale interca-
lations. Sandstones are mainly exposed in the southern parts
and in a small strip that extends from the central to north-
western parts of the study area (Fig. 4a). Thus, based on the
prominent rock and soil types present in the present study area
slope material was classified into various classes as presented in
Table 2. A perusal of Table 2 clearly shows that rocks in gen-
eral have not contributed for past landslides only 1.5% of
landslides were observed in limestone and were mainly com-
plex or fall types of failures. Thus, from the past landslide
inventory data it can safely be concluded that the contribution
of rock types is minimum in inducing landslides, it is mainly
colluvial and alluvial soils which are more susceptible for insta-
bility than the rocks, as collectively 98.5% landslides occur
within these soils.
5.2.2. Slope
As the slope increases, the tendency for movement increases.
Thus, the slope angle is an essential parameter for landslide
analysis (Ayalew and Yamagishi, 2004). As the slope angle
increases, shear stress in soil or other un-consolidated material
generally increases. Gentle slopes are expected to have a low
frequency of landslides because they possess lower shear stres-
ses associated with low gradients (Ahmed, 2009).
In the present study the slope angle was divided by expert
opinion based on the topography of the area into five classes
as; 0–5, 5–12, 12–30, 30–45 and more than 45 (Fig. 4b).
A perusal of Table 2 clearly shows that the highest percentage
of landslide occurred in slope class 5–12 and 30–45 which
accounts for 37% each. Whereas, the slope class 12–30
accounted for 22% of past landslides. Slope class 0–5
recorded only 4% of the landslides and no landslides were
recorded in the slope class greater than 45. In general, in
the present area the colluvial and alluvial soils form moderate
slopes that is why much of the landslides (96%) occurred
within moderate slope classes.
5.2.3. Aspect
The aspect of a slope can influence landslide initiation, because
it affects moisture retention and vegetation cover, and in turn
soil strength and susceptibility to landslides. The amount of
rainfall on a slope may also vary depending on its aspect. Slope
aspect is considered to be an important factor by many
researchers. In general, slope aspect can influence the distribu-
tion and density of landslides by controlling the concentration
of soil moisture (Wieczorek et al., 1997) or the orientation of
tectonic fractures. A variation in the degree of weathering
and basal erosion due to slope aspect was also reported by
Ayalew and Yamagishi (2002) with an effect on slope failure
distribution.
For the present study the Aspect has been divided based on
all possible geographical directions namely; (i) Flat (1), (ii)
North (0– 22.5), (iii) North-east (22.5–67.5), (iv) East
(67.5–112.5), (v) South-east (112.5–157.5), (vi) South
(157.5–202.5), (vii) South-west (202.5–247.5), (viii) West
(247.5–292.5), (ix) North-west (292.5–337.5), and (x) North(337.5–360) (Fig. 4c). The results obtained (Table 2) from
the reclassified map of aspect of the study area clearly shows
that 28% of the landslides occurred in slopes facing toward
south, 24% in South-west, 4% in North and 12% in
North-east, respectively. The remaining, landsides occurred
in slopes facing East (8%), West (8%) and North-west (4%)
directions, respectively. This remarkably shows the concentra-
tion of landslides in slopes facing toward South and South-
west directions. The possible reason for this may be related
with the ground water flow direction. As observed during the
field work, a good number of springs were present in the slopes
facing south or South-west directions. Thus, a clear correlation
can be established between aspect, groundwater flow direction
and landslides in the study area.
5.2.4. Elevation
The elevation is considered to be an important causative factor
which may possibly affect the slope material by weathering
process (Ahmed, 2009). For the present study the elevation
was sub divided by expert opinion based on the topography
of the area into 6 classes: 1382–1632 m, 1632–1882 m, 1882–
2132 m, 2132–2382 m, 2382–2632 m and 2632–2741 m
(Fig. 4d, Table 2).
The results obtained (Table 2) from the reclassified map
shows that highest percentage of landslides (52%) occurred
in the elevation class of 2132–2382 m whereas, 35% of the
landslides has occurred in the elevation class of 1632–
1882 m. Rest of the landslides (13%) occurred in the remain-
ing elevation classes. One of the possible causes for the
concentration of the past landslides in elevation classes
2132–2382 m and 1632–1882 m can be correlated to the agri-
cultural practices performed by the local residents at these
elevation classes. As observed during the field work that most
of the cultivated lands in the area are within colluvial and
alluvial soils. This is a known fact that colluvial or alluvial
soils are prone to instability (Raghuvanshi et al., 2014;
Anbalagan, 1992) that is why a high frequency of landslides
was observed in this class. In general, cultivation over slopes
increases instability by increasing moisture of the soil mass
due to irrigation practice. For cultivation purpose hill slopes
are made flat and cut into terraced land, this is also true in
the present study area. In general, such dressing of slopes
into terraced design stabilizes the slopes. However, poor irri-
gation or inadequate cultivation practices on such terraced
land may lead to excessive recharge of groundwater which
may result into instability of the slope (Raghuvanshi et al.,
2014). Also, to make the land cultivable the local residents
indulge in deforestation which has further increased the slope
instability in the area.
5.2.5. Land use and land cover
Land use and land cover is considered to be a major factor
responsible for landslides. The land which is barren and spar-
sely vegetated is prone to weathering, erosion and slope insta-
bility (Raghuvanshi et al., 2014; Wang and Niu, 2009; Turrini
and Visintainer, 1998; Anbalagan, 1992). A thick vegetated
slope generally represents a stable condition as the vegetation
cover prevents excess seepage of water into the slope (Arora,
1997). Also, the root system of the plants binds the soil mass
and increases the shear strength of the soil mass (Turrini and
Visintainer, 1998).
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fied into cultivated land, bare land, bush land and grazing land
(Fig. 4e, Table 2). A perusal of Table 2 indicates that about
32% of past landslides occurred within cultivated land.
Though bush land, grazing land and bare land accounts for
22%, 24% and 22% of past landslides, respectively. The con-
tribution of land use and land cover classes for past landslides
were roughly equal and it cannot be said conformably which
land use/land cover class will be more susceptible to landslides.5.2.6. Groundwater surface trace
Groundwater is an important factor in inducing instability to
the slopes (Raghuvanshi et al., 2014). The groundwater within
the discontinuities develops water pressure which results in a
decrease of shear strength along the discontinuity planes
(Hoek and Bray, 1981). Also, groundwater lubricates the dis-
continuity surfaces thus facilitating the process of rock sliding.
In soil slopes after rain-fed saturation the weight of soil mass
increases and thus it adds to the instability of the soil mass.
Besides, groundwater helps in pore water pressure develop-
ment within the soil mass which again aggravates instability
(Arora, 1997).
For the present study groundwater surface traces (springs)
and the elevation were considered to delineate the hydro-
geological homogeneous zones. This was done to demarcate
various groundwater saturated zones within the slopes. It is
apparent that in areas where the spring emerges on the surface
the slope mass in close vicinity will be saturated and such a sat-
urated mass will possess less shear strength. Thus, the slope
mass will be more prone to failure provided other causative
factors also contribute to instability. With this understanding
the present study area was divided into three hydro-
geological homogeneous zones based on the location of springs
and general elevation (Fig. 4f).
A perusal of Table 2 indicates that about 70% of past land-
slides have occurred in hydro-geological homogeneous zone
1382–1990 m. This indicates that this zone is more prone to
landslides and a high frequency of past landslides must be
related to the groundwater interaction with other causative
factors; mainly slope material. As can be seen in Fig. 4a (Slope
material map) that within hydro-geological homogeneous zone
(1382–1990 m) majority of soil material is alluvial and collu-
vial, which is more susceptible to instability. This fact is also
evident from the high frequency of past landslides in alluvial
and colluvial materials within this zone (Fig. 3).
5.3. Grid overlay analysis for landslide hazard evaluation
Overlay analysis requires that first the study area must be
divided into small units defined by regular boundaries and
later within each small unit the relative influence of combined
factors should be studied to evolve the landslide hazard
(Carrara et al., 1995). Various approaches have been for-
warded for delineation of such units. For instance;
Anbalagan (1992) has proposed dividing the study area into
individual slope facets. Slope Facet is defined as a land unit
which is characterized by more or less uniform slope geometry
in terms of slope inclination and slope direction (Anbalagan,
1992). Other workers suggest dividing the area into regular
square grid cells (Sarkar et al., 1995). In the present studyregular square grid cells with dimensions 10  10 m were
considered.
For overlay analysis the entire study area was overlaid with
10  10 m polygonal grid cells. In total 7666 grid cells covered
the total study area (74.59 sq km). This grid was prepared by
using the AutoCAD MAP software where first the geo-
referenced study area boundary was imported as a shape file
and later grid with 10  10 m cells was created. Further, this
grid file was exported as a shape file to be used later for overlay
analysis. For overlay analysis it was required that each grid cell
must have a unique ID through which geo processing with var-
ious causative factors can be performed. Thus, the ‘*.dbf’ file
component of ‘grid shape file’ was edited in MS-Excel and 1
to 7666 IDs were assigned to the grid cells.
5.3.1. Geo-processing of causative factors
The objective of geo-processing was to know the type and pres-
ence of sub-classes of causative factors within each grid cell.
Thus, each factor map was geo-processed with the grid. Since
the number of grid cells was 7666, therefore the hardware and
software failed to process the data owing to the entities more
than the capacity which can be handled. Thus, to facilitate
the data management and processing the grid file was further
sub-divided into 7 files with 1000 cells and the eighth with
666 cells (Fig. 5). Further, each of these 8 grid files was geo-
processed to find intersections with each of the six causative
factor themes.
The next step for geo-processing was to merge the intersec-
tion themes obtained after intersection of grid cells and the
respective causative class. This was done individually for each
of the causative themes by merging two intersecting themes at
a time by utilizing ‘merge themes’ option within geo-processing
tool. Thus, finally within each grid file interaction of six factor
class was obtained. Fig. 6 shows the intersection of six causa-
tive factors within the grid cell with ID 118. Thus, finally six
grid files were prepared where each file contained interaction
of six causative factor class within each grid cell.
Next step was to merge all these files into one so that a sin-
gle grid file can be obtained which contained all grid cells from
1 to 7666 ID and have an attribute table which shows all six
causative factors within each cell. Thus, all 6 grid files were
merged together one by one, finally to get one single file with
complete data set of 1–7666 cells and an attribute table for
all six causative factors within each grid cell. Fig. 7 shows
the combined single grid file (1–7666 cells) with each grid cell
having specific sub-classes of six causative factor classes.
After getting cumulative intersections of causative factors
within each grid cell appropriate LSIs for respective sub class
were assigned from Table 2. This was done by editing sub-file
‘*.dbf’ file of cumulative intersections causative factors shape
file in MS Excel. Thus, each grid cell finally got a set of six
LSIs representing sub-classes of six causative factors. Later,
all six LSIs were summed up to get a cumulative value, Total
Landslide Susceptibility Value (TLSI) for each grid cell. Later,
these TLSI values were utilized to evolve LHZ of the study
area. The range of TLSI values obtained were further classified
into zones of relative instability based on the field evidences.
This divided the terrain into various zones of landslide suscep-
tibility. The total distribution of TLSI values falls within a
range of 0.14–1.053. Thus, from this value range of TLSI it
is reasonable to say that 0.14 TLSI value represents the least
Figure 5 Grid file used for overlay analysis.
Figure 6 Intersection of six causative factors within grid cell
with ID 118.
GIS based Grid overlay method versus modeling approach 245hazard and the value 1.053 indicates a very high hazard. Thus,
based on the field evidence, judgment and logical consideration
the landslide hazard zones were classified as; very high hazard
(VHH), high hazard (HH), medium hazard (MH), low hazard
(LOH) and very low hazard (VLH). By taking various distri-
butions on trial basis a landslide hazard zonation map was pre-
pared and for each attempt an overlay analysis was made with
the past landslide data. The distribution of corresponding
TLSI values for 5 hazard classes as presented in Table 4 pro-
vided the most reliable validation results and thus was consid-
ered for the final landslide hazard zonation of the study area.
5.4. Landslide hazard evaluation by GIS modeling
In the present study, in addition to grid overlay analysis for
landslide hazard evaluation, an attempt has also been made
to utilize the Model Builder tool of ArcGIS to develop land-
slide hazard zonation of the study area through modeling.
The causative factors considered for LHZ map preparation
by GIS Model Builder were the same as those which were uti-
lized in grid overlay analysis. Thus, for Model builder
approach the factor maps which were utilized are; slope mate-
rial, slope, aspect, elevation, land use/land cover and ground-
water surface trace.
In GIS modeling approach the first step was to derive all
the factor maps into the model builder window. These factor
maps can automatically be derived into the model builder by
the software. Later, these vector maps were converted to raster
by using conversion tool within Model builder. The next step
followed was to reclassify six causative factor maps. Such
reclassification helps to maintain the original value ofsub-classes during driving the factor maps into model builder.
For example; the sub-classes for the slope factors are 0–5,
5–12, 12–30, 30–45 and >45, therefore during the slope
class in the model builder the values for the sub-classes are cor-
rected by reclassification process. Thus, by using the reclassify
tool in the spatial analysis tool box all the factor maps were
reclassified.
Further processing required in the model builder was to
assign the LSI values for the different causative factors sub-
classes. For GIS modeling approach similar LSI values of
sub-classes of each factor class were assigned as that was used
in the ‘Grid overlay’ method (Table 2). After the LSI values
were assigned to all causative factors sub-classes the final stage
was to generate the final weighted sum raster. The process
entailed combining all six raster data set. The weighted raster
also stipulates that each factor raster file be assigned with a
percentage weight. This is to give the relative importance of
each causative factor which has to be equal to 100. In the pre-
sent case the percentage weight assigned to each causative fac-
tor was considered equal to the LSV value (Table 3). Further,
Figure 7 Geo-processed combined single grid file with each grid
cell having specific sub-classes of six causative factor classes.
Table 4 Landslide hazard zones and corresponding Total
Landslide Susceptibility Index (TLSI) values.
Landslide hazard zone Zone designation TLSI value range
Very low hazard VLH 0.14–0.19
Low hazard LOH 0.20–0.27
Medium hazard MH 0.28–0.41
High hazard HH 0.42–1.053
Very high hazard VHH >1.053
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sum raster was generated.
Later, the final weighted sum raster was separated into five
distinct hazard classes using manual breaks, based on judge-
ment and terrain condition. In general, raster cell values ran-
ged from a low of 260 to a high of 3400. The cell values
which were separated into five distinct zones are; very low haz-
ard (VLH), low hazard (LOH), medium hazard (MH), high
hazard (HH) and very high hazard (VHH) zones with a cell
value of 260–600, 600–800, 800–1200, 1200–2000 and 2000–
3400, respectively. This weighted sum raster distributed for
respective landslide classes was obtained on trial basis and val-
idation of LHZ map was made with the past landslide data.
The above distribution provided the most reliable validation
of LHZ map and thus was finally considered to generate the
LHZ map.
6. Results and discussion
Landslide inventory data in general revealed that 23 landslides
had occurred in the past in the study area. All these landslides
fall into four types of prominent failure modes; fall, transla-
tional and rotational slides, and complex type of failure modes.
The main triggering factor for all past landslides in the
study area, as reported was rainfall as all past landslidesoccurred during the rainy season. As mentioned earlier the
maximum mean annual precipitation in the present study area
is high and the highest monthly precipitation was recorded in
July. Further, all past landslides in the present study area, as
reported by the respondents have taken place during the late
rainy season (late August to early September) indicating a rise
in groundwater level due to recharge by heavy rainfall and as a
result of other favorable causative factors such as; slope mate-
rial, slope gradient, land use and land cover etc. These rainfall-
induced landslides in the study area possibly occurred as a
result of shear strength reduction of the slope material due
to saturation and development of pore water pressures within
the slope mass. This fact is evident as most of the past land-
slides in the study area have occurred within the slopes com-
posed of colluvial and alluvial soils.
Out of total, 83.3% of past landslides have occurred in col-
luvial soil slopes whereas about 15.2% landslides were
observed in alluvial soils. Not many landslides were recorded
from slopes formed by rocks. It is reasonable to understand
that colluvial soils are loose soils which may be comprised of
angular to sub-angular rock fragments of variable dimensions
in a matrix of sandy silty soils. Such material possesses low
shear strength and when saturated may result into washing
of finer particles and may become more prone to instability
(Raghuvanshi et al., 2014; Anbalagan, 1992). The high concen-
tration of past landslides in colluvial soils in the study area is
well related to the above mentioned nature of these soils.
The slope angle is an important factor in controlling the
stability of slope. Steeper the slope the more the tendency
for instability will be (Hoek and Bray, 1981). In the present
study area steep slopes (>45) are formed mainly by rocks,
which show less frequency of landslides as compared to mod-
erate slopes. The main reason for this is that moderate slopes
in the study area are formed by colluvial and alluvial soils
which are more prone for instability that is why much of the
landslides (96%) occurred within moderate slope classes.
Further, it was observed that the concentration of land-
slides is in slopes facing toward south and south-west direc-
tions. The possible reason for this may be related with the
ground water flow direction. As observed during the field work
for the present study, a good number of springs were present in
the slopes facing south or south-west directions, which perhaps
indicates the possible groundwater flow toward south or
south-west directions. Groundwater plays an important role
in slope instability condition (Hoek and Bray, 1981). High fre-
quency of landslides toward southern (28%) and south-west
(24%) directions very well demonstrates the role of groundwa-
ter in inducing instability to slopes in the study area.
Most of the landslide (52%) occurred in the elevation class
of 2132–2382 m whereas, 35% of the landslide has occurred in
the elevation class of 1632–1882 m. One of the possible causes
of high concentration of past landslides in elevation classes
2132–2382 m and 1632–1882 m can be correlated to the agri-
cultural practices performed by the local residents at these ele-
vation classes. Poor irrigation or inadequate cultivation
practices on such terraced land may lead to excessive recharge
of groundwater which may result into instability of the slope
(Raghuvanshi et al., 2014).
Cultivated land showed high frequency (32%) of past land-
slides. Again this may be related to poor irrigation practice
which might have resulted into instability of slopes. Also, cul-
tivation land in the study area mostly comprises of colluvial or
Figure 8 Landslide hazard zonation (LHZ) map (a) Grid overlay method (b) GIS modeling approach.
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Raghuvanshi et al., 2014) that is why a high frequency of land-
slides was observed in this class. In general, the contribution of
other land use/land cover classes for past landslides in the
study area is roughly equal and it cannot be said conformably
that which land use/ land cover class will be more susceptible
for landslides.
About 70% of past landslides has occurred in hydro-
geological homogeneous zone 1382–1990 m. This indicates
that this zone is more prone to landslides and a high frequency
of past landslides must be related to the groundwater interac-
tion with other causative factors. Much of this zone is occu-
pied by colluvial and alluvial deposits which is relatively
more susceptible to instability (Raghuvanshi et al., 2014).
6.1. Landslide hazard zonation by ‘Grid overlay’ method
The LHZ map of the study area prepared by grid overlay
method (Fig. 8a) clearly shows that 19.44% of the study area
has a ‘very high landslide hazard’ (VHH) potential and
30.78% area has ‘high landslide hazard’ (HH) potential.
Whereas, the areas that account for ‘medium hazard’ (MH),
‘low hazard’ (LOH) and ‘very low hazard’ (VLH) are
41.08%, 6.48% and 2.23%, respectively.
Majority of the study area (30.64 km2) has ‘medium hazard’
(MH). Medium hazard zones are mostly concentrated in the
northern, western and south-western parts of the study area.
Very high hazard (VHH) zone covers mostly the central,
southern and south-western parts of the study area with area
coverage of about 14.5 km2. High hazard (HH) zones are rel-
atively scattered and falls mainly in the central, north- eastern
and south-western parts of the study area. The HH zones cover
about 22.96 km2 of the study area. Areas with low hazard
(LOH) potential are very less (4.83 km2) and are scattered
throughout the study area. Very low hazard (VLH) areas are
mostly found in northern, north-western and north-easternparts, few scattered areas of VLH zones can also be seen in
southern parts of the study area. The total area covered by
VLH zone is only about 1.66 km2 in the study area (Table 5).
6.2. Landslide hazard zonation by GIS modeling approach
LHZ map developed by modeling approach (Fig. 8b) reveals
that the area is highly susceptible to landslide hazard. It shows
that 21.4% of the area falls in very high hazard zone (VHH),
33.2% in high hazard (HH) zone and 34.4% in medium hazard
(MH) zone. In total 54.6% of the area falls in either VHH or
HH zones. Perusal of Fig. 8b and Table 5 shows that VHH
zones are concentrated in the north-eastern and south-
western portion of the area. The HH zones are evenly
distributed in the central, north-western and south-eastern
portions of the study area. The remaining medium (MH),
low (LOH) and very low hazard (VLH) zones have scattered
distribution in the area.
6.3. Validation of LHZ maps
The methodology followed for the present study is formulated
by considering an assumption that ‘past is the key for future’
(Dai et al., 2002), therefore the LHZ map prepared following
the said methodology must validate the past landslide activi-
ties. This implies that the past landslide activities must fall
within very high hazard or high hazard zones, delineated in
the prepared LHZ map. Therefore, attempts were made to
overlay the past landslide inventory map over the LHZ map
prepared by ‘Grid overlay’ method and ‘GIS modeling’
approach.
6.3.1. Grid overlay method
The overlay analysis of past landslides over LHZ map pre-
pared by the ‘Grid overlay’ method (Table 6, Fig. 8a) revealed
that out of 23 past landslide activities 14 landslides (61%) fall
Table 5 Area coverage by various landslide hazard zones in
the study area.
Landslide
hazard zone
Grid overlay method GIS modeling approach
Area
coverage in
Sq. km
Percent
area
coverage
Area
coverage in
Sq. km
Percent
area
coverage
Very high
hazard
(VHH)
14.5 19.44 16.13 21.4
High hazard
(HH)
22.96 30.78 24.72 33.2
Medium
hazard
(MH)
30.64 41.08 25.61 34.4
Low hazard
(LOH)
4.83 6.48 4.81 6.5
Very low
hazard
(VLH)
1.66 2.23 3.32 4.5
Total area 74.59 100 74.59 100
Table 6 Validation of landslide hazard zonation (LHZ) maps.
Landslide
hazard
zone
Number of landslide
falling within hazard
zone
Percent of landslide falling
within hazard zone
Grid
overlay
method
GIS
modeling
approach
Grid overlay
method (%)
GIS
modeling
approach
(%)
Very high
hazard
(VHH)
14 15 61 82.73 65.2 95.6
High
hazard
(HH)
5 7 21.73 30.4
Medium
hazard
(MH)
4 1 17.39 4.3
Low
hazard
(LOH)
0 0 0.00 0.00
Very low
hazard
(VLH)
0 0 0.00 0.00
Total past
landslides
23 23 100 100
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HH zone. Thus, 19 landslides out of 23 fall within VHH or
HH zones, which is about 82.73% of the total past landslide
activities. Further, only 4 past landslides (17.39%) fall within
the MH zone and none of the past landslides fall within
LOH or VLH zone. That means 82.73% of past landslides
show satisfactory agreement with the present LHZ map pre-
pared by the Grid overlay method.
6.3.2. GIS modeling
Results as presented in Table 6 and Fig. 8b shows that out of
23 past landslide activities 15 landslides (65.2%) fall within
VHH zone whereas, 7 Landslides (30.4%) fall within HH zone.
Thus, 22 landslides out of 23 fall within VHH or HH zones,
which is about 95.6% of the total past landslide activities.
Further, only 1 past landslide (4.3%) fall within the MH zone
and none of the past landslides fall within LOH or VLH zones.
Thus, the LHZ map prepared by GIS modeling is in good
agreement with the past landslides in the area.
6.4. Effectiveness of ‘Grid overlay’ method versus ‘GIS modeling’
in LHZ evaluation
The input parameters considered for the two methods were the
same. In both methods six causative factors namely; slope
material, slope, aspect, elevation, land use/land cover and
groundwater surface traces were used. Similar sub-classes of
various causative factors were used for both the methods
and identical LSI values were assigned. If the results are com-
pared, marginal variation is found in the areas depicted for
various landslide hazard classes by the two methods. For both
the approaches five landslide hazard classes namely; very high
hazard (VHH), high hazard (HH), medium hazard (MH), low
hazard (LOH) and very low hazard (VLH) were considered.
The validation of LHZ maps produced by two approaches
when validated with past landslide activities, shows that GIS
modeling gives better validation (Table 6; Fig. 8).In the case of LHZ map prepared by the ‘Grid overlay’
method about 82.73% (19 landslides) of past landslides fall
within VHH or HH zones whereas in the case of ‘GIS model-
ing’ approach about 95.6% (22 landslides) of past landslides
fall within VHH or HH zones. Thus, the two methods almost
produced the results, which validate with past landslide data,
though GIS modeling produced better results. However, in
the case of application the ‘Grid overlay’ method is tedious
because of limitations on software and hardware application
and is more time consuming whereas, ‘GIS modeling’ is rela-
tively simple in its application and less time consuming. Thus,
the two methods are equally good as far as the result outcome
is concerned, though in the present case GIS modeling has
given better validation with past landslide activities. However,
choice for the two methods can be made based on the area and
scale in which the study has to be carried out, as for a large
study area at medium scale ‘Grid overlay’ method may not
be appropriate owing to limitations on software and hardware
capacity to handle a large number of grid cells. Though, the
size of the grid cell will also be a factor to be considered.
7. Conclusion
The main objective of the present study was to evaluate land-
slide hazard zonation (LHZ) in Meta Robi District in the West
Showa Zone in Oromiya Regional State in Ethiopia, which is
about 96 km from Addis Ababa. The area is being affected by
repeated landslide problems for the past several years therefore
seeing the severity of landslide related problems in the area the
present research study was conducted. Further, it was also
intended to evaluate LHZ by following the ‘Grid overlay’
method and the ‘GIS modeling’ approach and to evaluate
the relative effectiveness of the two methods.
GIS based Grid overlay method versus modeling approach 249The general methodology followed in the present study was
based on thorough literature review, field investigations, data
collection, analysis and evaluation of various causative factors
in inducing instability to slopes in the present study area.
Finally, preparing LHZ map by using integrated field based
GIS ‘Grid overlay’ method and the ‘GIS modeling’ approach.
During the field investigation a thorough inventory was
made for the past landslide activities to record the locations,
dimension, type of failure and material involved in the land-
slides. The landslide inventory data in general revealed that
23 landslides have occurred in the past in the study area by fol-
lowing four types of prominent failure modes; fall, transla-
tional and rotational slides, and complex type of failure
modes. Out of total, 83.3% of past landslides have occurred
in colluvial soil slopes whereas about 15.2% landslides were
observed in alluvial soils. Not many landslides were recorded
from slopes formed by rocks. Most of the landslides (52%)
occurred in the elevation class of 2132–2382 m whereas, 35%
of the landslides occurred in the elevation class of 1632–
1882 m. The colluvial and alluvial soils form moderate slopes
and much of the landslides (96%) occurred within moderate
slope classes. About 70% of past landslides occurred in the
hydro-geological homogeneous zone of 1382–1990 m.
In the present study six causative factors namely; slope
material, slope, aspect, elevation, land use/land cover and
groundwater surface traces were considered. In the present
study Landslide Susceptibility Index (LSI) was computed by
considering landslide percentage which represents the ratio
between ‘‘total pixel counts of a sub-class within a Landslide”
to the ‘‘total pixel count of that sub-class in the area of study”.
The LSI values were calculated for each sub-class of all six cau-
sative factors. Later, these LSI values for various causative fac-
tors sub-classes were utilized for LHZ evaluation.
For Grid overlay analysis the entire study area was overlaid
by a total 7666 polygon grid cells (10  10 m). Later, geo-
processing was done to know the presence of six causative fac-
tors within each grid cell. Further, within each grid cell ‘Total
Landslide susceptibility Index’ (TLSI) was computed which
was later utilized for Landslide hazard zonation evaluation.
The LHZ map thus prepared shows that 19.44% of the study
area has a ‘very high hazard’ (VHH) potential and 30.78%
area has ‘high hazard’ (HH) potential. Whereas, the areas that
account for ‘medium hazard’ (MH), ‘low hazard’ (LOH) and
‘very low hazard’ (VLH) are 41.08%, 6.48% and 2.23%,
respectively. The validation of LHZ map prepared by the
‘Grid overlay’ method with past landslides showed 82.73%
of the total past landslide activities either falls within VHH
or HH zones of the prepared LHZ map. This shows a good
validation of the LHZ map with past landslide activities.
The LHZ map prepared by ‘GIS modeling’ shows that
21.4% of the area falls in VHH zone, 33.2% in HH zone
and 34.4% in MH zone. The validation of LHZ map prepared
by ‘GIS modeling’ with past landslides show 95.6% of the total
past landslide activities either falls within VHH or HH zones
of the prepared LHZ map. This is in close agreement to the
past landslides in the area.
On comparison ‘Grid overlay’ method with ‘GIS modeling’
for the effectiveness in LHZ evaluation it was realized that
‘GIS modeling’ has given a better validation with past land-
slide activities. However, it is concluded that the choice for
the selection of the two methods can be made based on areaand scale at which the study has to be carried out, as for large
study area at medium scale The ‘Grid overlay’ method may
not be appropriate due to the limitations on software and
hardware capacity to handle large volumes of data for analy-
sis. Also, the size of the grid cell will also be a factor to be con-
sidered while applying grid overlay method for LHZ
evaluation.
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